I. INTRODUCTION
Transparent oxide semiconductors possess several technologically important features-high electron mobility, high transparency, the capability for low temperature processing, etc.-which make them an excellent candidate for the active layer of thin-film transistors (TFTs). 1, 2 Successfully developing the materials of such features would usher in the world of next-generation electronics, such as flexible [1] [2] [3] [4] and transparent electronics. [1] [2] [3] Among many possible transparent oxide semiconductors, one key material is amorphous InGaZnO 4 (IGZO), which was first introduced by Hosono and collaborators. 2 Researchers have successfully exploited the material and demonstrated the fabrication of IGZObased TFTs with excellent electrical properties including a high electron mobility (>10 cm 2 /Vs) and a high on/off current ratio (>10 6 ). 5 Despite the success in the research of this material, the material's aspects (e.g., thermal stability) remain largely unexplored. Understanding such aspects would critically help us to fully use this technologically relevant material.
For example, postannealing at elevated temperatures has been reported to be a key process step to ensure high device performance. 6, 7 However, from a materials science perspective, such annealing could instigate undesirable materials interactions, depending on the reactivity of the IGZO with materials that share an interface with it (electrode, dielectric, etc.). Thermodynamic data for this material is scarcely available in the literature and thus systematically predicting its thermal stability would prove to be an extremely difficult task; some peculiar aspects of this material, such as its amorphous nature 8 and its major constituents being low-melting-temperature elements (In: 157 C, Ga: 30 C, Zn: 419 C), 9, 10 hint that it might have a relatively low thermal stability and a tendency to react with surrounding materials. Thus, examining the thermal stability of this material and investigating possible materials interaction with surrounding materials deserves much attention.
In this work, we probed materials interaction that occurred during annealing IGZO-based TFTs at elevated temperatures in air ambient and investigated the phenomenon from the aspect of materials interaction. We observed the degradation of the device performance on annealing at temperatures higher than 500 C. Materials characterization, using various techniques such as scanning electron microscopy (SEM), x-ray diffraction (XRD), and transmission electron microscopy (TEM), allowed us to unveil two materials reactions including the oxidation of Mo (used as source and drain electrodes), a popular electrode material, 11 and an interaction between the Mo oxide and the IGZO. We further discussed the findings of the characterization, based on thermodynamics and kinetics considerations.
II. EXPERIMENTAL
We fabricated bottom-gated IGZO-based TFTs by employing a highly doped p-type Si substrate with a resistivity of 0.001 to 0.005 O cm as a gate electrode. For the gate dielectric material, a 400-nm-thick SiN x film was deposited using a plasma-enhanced chemical vapor deposition technique. Subsequently, deposition of a 70-nm-thick amorphous IGZO film was carried out using a radiofrequency (rf) magnetron sputtering system using an IGZO target with a molar ratio (In:Ga:Zn) of 2:2:1. A 200-nm-thick Mo film was deposited using a direct current (dc) magnetron sputtering and patterned by a lift-off process as the source and drain electrodes of simple bottom-gated TFTs. The channel length and width of the fabricated IGZO-TFT were fixed at 50 and 100 mm, respectively. A cross-sectional schematic diagram of the fabricated TFT structure used in this study is shown in Fig. 1(a) . After the device fabrication, all the samples were annealed in a box furnace at temperatures ranging from 100 to 700 C in air ambient for 1 h. For a detailed materials interaction study of the samples (i.e., Mo/IGZO interaction) as a function of the annealing temperature, samples fabricated without a patterning process were also prepared by depositing Mo/IGZO stacked structures directly on a blanket SiN x /Si substrate.
To investigate the thermal stability and the interfacial reactions of the Mo film with the underlying IGZO channel layer as a function of the annealing temperature, the variation of the sheet resistance of the Mo films on the IGZO channel was monitored by using a 4-point probe system. The phase evolution of the Mo compounds formed by the interaction with the IGZO film during the postdeposition annealing was also investigated using y$2y scans of XRD with Cu K a radiation (l = 1.5406 Å ). SEM and TEM analyses were performed to examine the detailed surface morphological and microstructural changes of the Mo/IGZO system as a function of the annealing temperature, respectively. The electrical properties of the fabricated TFTs were characterized by using an HP semiconductor parameter analyzer (HP4145B, Palo Alto, CA) in a dark and shielded ambient.
III. RESULTS AND DISCUSSION

A. Electrical and microstructural analysis
Transistors fabricated through the aforementioned procedure were annealed in a furnace at various temperatures (100$700 C). The devices annealed at 100 C did not show clear transistor characteristics. Annealing these samples up to 300 C turned them into transistors that exhibited consistent device characteristics, as shown in the transfer curves-a measurement of the source-todrain current (I DS ) with the gate voltage (V G ) varying from À40 to 40 V at a fixed drain voltage (V DS ) of 10 V [see Fig. 1(b) ]. Annealing at 400 C improved the device performance further by producing better mobility and subthreshold slope. Such effects of heat treatments at elevated temperatures have been widely observed in other studies and have been attributed to structural relaxation in the distorted metal-oxygen polyhedral structures of amorphous IGZO that possibly occurs during high temperature annealing. 6 Another interesting aspect in the graph is that further annealing at higher temperatures brought about drastic degradations in the overall device performance. As the annealing temperature is increased to 500 C, the current level drops below 10
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A and no response to the change in the gate voltage is observed, which basically means that the device has somehow turned into an insulator. This degradation could signal an important implication that while annealing the devices instigates changes in the IGZO structure to produce a better device performance, there exist some adverse effects of such annealing and excessive annealing would eventually damage the devices.
Investigating a possible cause for this degradation, we first examined the surfaces of the Mo/IGZO samples using SEM. Figure 2 shows the drastic surface morphology changes of Mo electrodes after annealing at high temperatures. The surface of an as-deposited sample appears flat and smooth and does not show any noticeable features, while that of a 400 C annealed sample displays some morphological changes including grooving. For the sample annealed at 500 C, some surface reconstruction occurred, which turned the flat surface into a surface that shows severe agglomeration and protrusions. We annealed the samples even at higher temperatures (600$700 C). Although this high-temperature range might not have much relevance to the practical applications, this investigation could help us to understand the nature of this materials interaction and also provide us with useful information on the long-term reliability issues. Upon annealing at 600 C, the agglomeration progressed further and the film was reconstructed into a dense network of micrometer-scale rods. Figure 2 (e), taken after 700 C annealing, shows a radical microstructure, which appears as if the film almost melted and rolled up into isolated islands, leaving much of the underlying layer exposed. This radical morphology evolution leads us to suspect the occurrence of strong interactions between the materials comprising the devices.
We also measured the sheet resistance of the Mo/ IGZO samples after annealing at elevated temperatures, as shown in Fig. 3 . The results of the resistance measurements are in close agreement with those of the SEM analysis: the resistance remains low up to 300 C, rises slightly on the 400 C annealing, and sharply increases beyond the detection limit of the test instrument for the samples annealed at temperatures higher than 400 C. Combined with the SEM analysis, these results indicate that a significant materials interaction or phase transformation occurred at temperatures around 500 C, which led to drastic changes in both the morphology and the electrical characteristics of some materials of the device.
XRD characterization helped us to shed some light onto the phase transformation that led to the film morphology evolution and the resistance changes. Shown in Fig. 4 are the XRD spectra obtained from the annealed samples. The spectrum obtained from a 300 C annealed sample shows only a peak near 40.1 , a slight shift toward the low angle direction from that of bulk Mo (110), possibly due to the compressive film stresses produced during the sputtering process. Upon annealing at 400 C, this Mo (110) peak shifted to a higher angle value (40.5
), matching with the reported value (JCPDS Card No. 42-1120), suggesting that the stress was relieved on annealing at a higher temperature. Annealing at temperatures higher than 500 C has produced a spectrum with a strong MoO 3 (110) peak and several other small peaks the positions of which coincide with the planes of the MoO 3 phase (JCPDS Card No. 05-0508). This provides a critical clue to understanding the materials interaction: the oxidation of the Mo film probably started in local areas at some temperature between 400 and 500 C, and possibly consumed the entire film as the annealing temperature was increased to 500 C. Another interesting point is that with the annealing temperature increasing to 700 C, the MoO 3 peaks disappeared and instead a new set of small peaks emerged, which signals the occurrence of another phase transformation. Next, we carried out TEM analysis on the annealed samples, the results of which confirm those of the XRD analysis and offer a more detailed sketch on the reaction. Figure 5(a) shows an electron micrograph of the asdeposited sample, which exhibits a Mo layer of a columnar structure and a gray and featureless IGZO film, and does not reveal any sign of an interaction between the two layers. In Fig. 5(b) , an image taken from the 450 C annealed sample, a drastic change can be observed in the Mo layer, the top part of which has been replaced by a thick layer that appears loosely packed with bulky grains of a contrast brighter than that of the Mo grains. An energy dispersive spectroscopy (EDS) spectrum taken from the film displays strong signals from Mo and O. Connecting this with the XRD results led us to conclude that the phase of the layer is MoO 3 . This result suggests that annealing in a furnace in air has prompted Mo oxidation, which started from the top surface and penetrated deeply into the Mo layer as the annealing C annealed, and (c) 600 C annealed, and an EDS spectrum taken from the reaction layer of the 600 C annealed sample (d). The peaks from Si and Cu in the spectrum appear artifact peaks, possibly arising from the contamination during the TEM sample preparation. temperature increased. It should be noted that this appearance, a partial consumption of the Mo layer by oxidation after the annealing at 450 C, corroborates with the results of XRD analysis, in which oxide peaks emerged and completely replaced the Mo peak after annealing at 500 C. These results also agree well with the increase in the resistance after annealing at temperatures higher than 400 C in the resistance measurements. Annealing further at a higher temperature (600 C) prompted a reaction between the Mo oxide and the IGZO layer. Figure 5(c) , taken from a sample annealed at 600 C, exhibits a drastic microstructure evolution, in which the IGZO and Mo layers observed in the 450 C annealed sample disappeared completely and a new single layer with large, sharply faceted grains emerged instead. It should be noted that although the area where the TEM image was taken does not show any Mo oxide grains, Mo oxide was still observed as largely agglomerated structures in other areas, which is consistent with the SEM observation of agglomerated film morphology [see Fig. 2(d) ] and XRD result (see Fig. 4 ).
The composition of the new layer, obtained from an EDS analysis [shown in Fig. 5(d) ], is around 10 at.% In, 7 at.% Ga, 27 at.% Mo, and 55 at.% O with negligible Zn. It should be noted that the XRD analysis revealed the formation of the In-Mo-O compounds on annealing at 600$700 C. In addition, since In and Ga dissolve each other to a large extent and their oxides have the same valence state, 10 we expect that the In-Mo-O compounds probably dissolve Ga substantially. Combining these considerations with the EDS data, we deduced that the grains are possibly In-Mo-O compounds dissolving a substantial amount of Ga. These results led us to believe that as the Mo oxidation consumed the entire Mo layer and reached the IGZO layer, it reacted with the IGZO to form an In-Mo-O compound layer. However, one should also notice that this tentative conclusion does not fully explain some mysterious aspects of this reaction-the drastic surface morphology change observed in the SEM images and the whereabouts of the Zn atoms that were not found in the EDS analysis.
B. Thermodynamic and kinetic analysis
The results from our characterization indicate that the phase transformation took place in a two-stage process: Mo oxidation at 400$500 C and an interaction between MoO 3 and IGZO at temperatures higher than 500 C. Examining our characterization data from the perspective of kinetics and thermodynamics would be very challenging, because the thermodynamic and crystallographic data including phase diagrams, critical information to understand materials interaction, are only scarcely available for these multicomponent oxides. This leaves us only one option: deducing from the limited available information what occurred during the transformation. First, Gibbs free energy calculation suggests that Mo oxidation is favorable even at low temperatures, 12 provided that the oxygen is available and oxygen diffusion in the Mo film is sufficiently fast. The kinetics data obtained from the literature suggest that oxygen diffusion in Mo becomes substantial from a temperature range of 400$500 C, 13 which parallels our observation. Among several Mo oxides with different valence states, MoO 3 , the dominant product found in this study, is a phase with a low melting temperature (790 C) and high volatility. 10, 14 This nature of MoO 3 could provide a clue to the drastic surface morphology change observed in the SEM and TEM analyses. It is possible to surmise that the MoO 3 films became much unstable and partly liquid at the high temperatures (600$700 C), which would lead to severe agglomeration and-in some extreme casesevaporation, as seen in the SEM images of Fig. 2 . Although this temperature range is somewhat lower than the melting temperature, it should be also noted that materials in the form of thin films are often much less stable than what the phase diagrams-constructed based on bulk materials-predict due to the high-surface-area ratio and defect density of thin films.
It appears that once the growth of the Mo oxide layer reached the IGZO layer, the second stage of the phase transformation was ready to take place between the MoO 3 and IGZO. The apparent main product of this reaction is In-Mo-O compounds containing some amount of Ga. Although there is no thermodynamic data available for possible reactions between Mo oxides and In oxides or Ga oxides, such a reaction appears to be thermodynamically plausible based on the following considerations: InMo-O compound is a stable compound up to a high temperature 15 ; in contrast, IGZO, which is amorphous and composed of metals with low melting temperatures, is likely to become increasingly reactive at elevated temperatures and MoO 3 would also become reactive near 700 C, close to its melting temperature (790 C). 10 In such a case, thermodynamics often predict that annealing at an elevated temperature would cause two reactive phases (MoO 3 and IGZO) to react to form a new stable phase (In-Mo-O compound). Finally, one should note that this reaction would release elemental Zn atoms from the decomposition of the IGZO layer. Because the melting temperature of Zn is only 420 C, 9 the released Zn atoms would evaporate in a temperature range of 600$700 C, which offers an explanation for the Zn atoms that were not found in the EDS analysis.
It is worthwhile noting that we did not observe the crystallization of IGZO films in the temperature range up to 700 C, which might appear inconsistent with other reports that showed IGZO crystallization around 600 C. 16 However, the IGZO crystallization temperature could vary significantly depending on the composition 8 and also, for our study, the reaction of IGZO with Mo oxide seems to have preceded the crystallization. One more thing to be noted is that, in practical applications, the situation would be somewhat different: the Mo electrode would not be exposed to air and, instead, covered with a passivation layer (e.g., silicon nitride), which may suppress the Mo oxidation. Analyzing our experimental data based on the limited literature data helped us to better understand the reaction found in this study. First, the kinetics data suggest that Mo oxidation becomes active in a temperature range of 400$500 C when Mo films are annealed in air, consistent with the results for our samples annealed at low temperatures. The low thermal stability of MoO 3 , the dominant oxide produced from the oxidation, led to severe agglomeration and evaporation of the material on higher temperature annealing, which was clearly observed in the drastic surface morphology evolution captured in the SEM analysis. The further growth of the Mo oxide layer prompted another reaction with the IGZO films, resulting in the formation of an In-Mo-O ternary compound with some Ga and the subsequent release and evaporation of Zn atoms. This radical reaction between IGZO and Mo highlights the low thermal stability of IGZO and emphasizes the need for careful consideration in implementing a postannealing process.
IV. CONCLUSIONS
This study delved deeply into the degradation of the device performance of IGZO-based TFTs after annealing at high temperatures (400$500 C) and the materials interaction that led to the degradation. We annealed the samples at a series of temperatures (400$700 C) to illuminate the details of the phase transformation responsible for the degradation. A combination of various materials characterization tools such as SEM, XRD, and TEM critically helped us to unravel that the phase transformation developed in a two-stage process: Mo oxidation and an interaction between MoO 3 and IGZO. Finally, we discussed these findings in the light of thermodynamics and kinetics, which offers some limited description on what occurred during the phase transformation.
